We discuss a plasmonic coupling device consisting of a periodic array of ellipsoidal silver nanoparticles embedded in SiO 2 and placed near a silver surface. By tuning the shape of the particles in the array, the nanoparticle plasmon resonance is tuned. The resulting resonantly enhanced fields near the nanoparticles, in turn, excite surface plasmons on the metal film. We have performed finite integration technique simulations of such a plasmon coupler, optimized for operation near a wavelength of 676 nm. Analysis of the frequency dependent electric field at different locations in the simulation volume reveals the separate contributions of the particle and surface resonance to the excitation mechanism. A coupled oscillator model describing the nanoparticle and the metal film as individual resonators is introduced and is shown to reproduce the trends observed in the simulations. Implications of our analysis on the resonantly enhanced excitation of surface plasmons are discussed.
I. INTRODUCTION
In recent years, there has been a rapid growth in research on surface plasmon nanophotonics.
1 Surface plasmons are electron charge density waves that can exist at a metal surface or at the interface between a metal and a dielectric. 2 The propagating electromagnetic modes associated with surface plasmons can be strongly confined, making surface plasmons on metal films possible candidates for nanoscale optical waveguides.
3-11 Several designs have been successfully realized, including waveguides comprised of metal stripes, 12 wedges, 6 and gaps 5 in metal films and strip-loaded surface plasmon waveguides. 3 Using surface plasmons on metal films and waveguides, passive components such as Bragg reflectors, 13 ring resonators, 14 and Y-splitters, 14 as well as active components such as Mach-Zehnder interferometer based switches 15 have been realized. Despite the vast amount of work on these components, the development of an integrated surface plasmon source remains a challenge. As a result, light is commonly introduced into nanophotonic circuits by coupling external radiation into bound modes. [16] [17] [18] [19] This approach faces some of the same challenges as the excitation of optical modes in dielectric waveguides; since the wavevector of the guided surface plasmon modes exceeds that of externally incident light at any incident angle, it is not generally possible to directly excite guided surface plasmons with far-field light. A common method of exciting surface plasmons is prism coupling using either the Kretschman 2 or Otto 2 geometry. In this approach, phase matching with surface plasmons is achieved by increasing the wavevector of the incident light using a high dielectric constant material placed in close proximity to the metal waveguide surface. The excitation efficiency using this approach can be close to unity using broad area illumination. A second approach involves grating coupling, in which a periodic corrugation of the metal surface ͑or a nearby interface͒ is used to overcome the momentum mismatch between free-space light and the surface plasmon modes.
2 Excitation of surface plasmons with close to unit efficiency has also been demonstrated using illumination of relatively large grating couplers with a high number of grating periods.
2 A final common approach for surface plasmon excitation involves the use of isolated nanostructures on or near a metal surface. For example, surface plasmons have been excited using a near-field scanning optical microscopy tip, 20 random surface roughness, 21 as well as intentionally created features such as metal nanoparticles 22 and lines 22 on or near 23, 24 a metal film, holes in metal films, [25] [26] [27] and edges of metal films. 28 In this paper we consider the use of localized plasmon resonances for the excitation of surface plasmons using twodimensional arrays of metal nanoparticles placed near a metal-dielectric interface. A schematic of such a structure is shown in Fig. 1 . This combination of resonant nanoparticle based surface plasmon excitation and grating coupling may be used to design compact free-space to surface plasmon couplers as well as field enhancement structures. Ellipsoidal metal nanoparticles exhibit a dipolar surface plasmon resonance known as the Fröhlich mode 29 at a frequency that dea͒ Author to whom correspondence should be addressed. pends on the particle aspect ratio, its dielectric function, and the dielectric function of its surroundings. The resonantly enhanced localized field distribution that can be excited on individual metal nanoparticles contains high spatial frequency components that can couple to propagating surface plasmons on a nearby metal film. By placing such resonant particles in a periodic arrangement near a metal film, surface plasmons excited by multiple particles can be added constructively, resulting in an enhanced surface plasmon excitation efficiency. In this work we numerically investigate excitation of surface plasmons on a silver film using an infinitely extended two-dimensional array of metal nanoparticles near a metal film. The excited surface plasmon amplitude is studied as a function of excitation frequency and nanoparticle aspect ratio. The results are compared to an analytical model that describes the silver surface and the metal nanoparticles as coupled resonators. We find that the main features observed in three-dimensional full-field simulations are well described by this coupled oscillator model. Our results show that the strong coupling between the incident light, the resonant nanoparticles, and the silver surface results in anticrossing behavior and a reduced surface plasmon coupling efficiency when the individual particle and surface resonance frequencies are approximately equal. Implications for the design of field enhancement structures and surface plasmon couplers are discussed.
II. SIMULATION PARAMETERS
The structure under investigation consists of an array of ellipsoidal silver nanoparticles placed in close proximity to a silver surface. The electromagnetic response of the system was studied using the finite integration technique 30 ͑FIT͒ as implemented in CST Microwave Studio. 31 A schematic of the simulation volume is shown in Fig. 2 . The system consists of a 200 nm thick silver film extended infinitely in the x-y plane, embedded in SiO 2 . The silver film thickness is chosen to prevent measurable coupling of surface plasmon amplitude from the top to the bottom surface of the film. An ellipsoidal silver nanoparticle of semiaxes a ϫ b ϫ c along the x-, y-, and z-directions, respectively, is located in the SiO 2 host with the center of the nanoparticle placed 80 nm above the metal surface. The particle aspect ratio AR= a / c with b = c is varied between 2 and 4 while keeping the particle volume fixed and equal to the volume of a 30 nm diameter spherical nanoparticle. The particle volume is maintained constant to exclusively investigate shape related effects and to eliminate volume related changes in resonance frequency and amplitude. The system is excited at normal incidence using a plane wave polarized along the x-direction and traveling in the negative z-direction. Electric boundary conditions ͑tangential electric field components zero͒ were applied at x = 0 and at x = L x / 2, while magnetic boundary conditions ͑tangential magnetic field components zero͒ were applied at y = 0 and y = L y / 2. Here L x and L y are size parameters that describe the simulation geometry. Open boundary conditions were applied along the positive and negative z-directions. These boundary conditions together effectively simulate an infinite array of nanoparticles with a longitudinal spacing of L x and a lateral spacing of L y above an infinitely extended silver film. The temporal dependence of the excitation signal was chosen to be a Gaussian modulated sine wave centered at a freespace wavelength of 676 nm ͑4.35ϫ 10 14 Hz͒ with a pulse duration of 16 fs. This corresponds to a wavelength range from 451 nm ͑6.65ϫ 10 14 Hz͒ to 1357 nm ͑2.21ϫ 10 14 Hz͒. The center wavelength was chosen to coincide with an experimentally available laser wavelength; however, the trends observed in the simulations do not depend on the exact center wavelength chosen. For example, a similar particle based coupler can be designed at 850 nm, a standard short range optical communications wavelength. For the present study, the lateral particle spacing was chosen to be L y = 100 nm, and the longitudinal interparticle spacing was set to L x = 440 nm. This length was chosen to coincide with the calculated Ag-SiO 2 surface plasmon wavelength at a free-space wavelength of 676 nm. The frequency dependent complex dielectric function of silver was described using a Drude model fit to available literature values. 32 The real part of the modeled permittivity differed from the experimental data 32 by less than 6% across the simulation bandwidth, while the imaginary part of the permittivity was set equal to the known literature value at the design frequency. Since the silver dielectric function deviates from the idealized Drude response, the imaginary part of the dielectric function differs from the literature values 32 by up to a factor 2 in the frequency range used. The dielectric constant of SiO 2 was set to a constant value of r = 2.21 over the entire wavelength range of the simulation. Due to the high dielectric contrast in metallodielectric nanostructures, extremely small mesh sizes are required in order to ensure convergence. 33 In this study mesh cell sizes ranging from 1 to 4 nm were used near metaldielectric interfaces. Mesh convergence tests showed that the resulting errors in the electric field magnitude and resonance frequency values in this work are Ϯ2.5% and Ϯ0.2%, respectively.
FIG. 2.
͑Color online͒ A schematic of the simulated plasmon excitation structure. Gray regions correspond to silver, and the blue regions correspond to silica. Figure 3 shows the distribution of the x and z components of the electric field ͑E x and E z ͒ in the simulation volume at y = 0, for an ellipsoidal particle with an AR of 3.5 at time t = 59 fs. Several important features are observed. First, note that E z is maximum near the film surface at locations x =−L x / 4 and x = +L x / 4 ͑labeled location 1͒ and changes sign around the film surface. This is indicative of the presence of surface charge. At the metal surface the corresponding E x amplitude is found to show a local maximum at x = 0 underneath the particle ͑labeled location 0͒ as well as at −L x / 2 and L x / 2. Both these observations point to the presence of surface plasmons. Second, the observed E x and E z field distributions observed around the particle indicate a predominantly dipolar polarization of the particle. The charge distribution responsible for the observed fields at the film surface and near the particle is indicated schematically by the ϩ and Ϫ signs in Fig. 3 .
III. SIMULATION RESULTS
In order to obtain a measure for the excited surface plasmon amplitude on the metal film, we monitor the E z amplitude just above the metal film ͑z =1 nm͒ at position 1. Note that at this position the particle dipole field adds a finite E z contribution. The time evolution of E z at location 1 is shown in Fig. 4͑b͒ . Although the excitation signal can be seen to end at time 0.016 ps in Fig. 4͑a͒ , extended ringing of E z is observed well after the excitation signal has passed, indicating the existence of electromagnetic resonances on the system. Note that the full FIT simulation extended for 0.75 ps in order to allow the energy in the system to decay to negligible levels ͑below −40 dB of the maximum energy͒. 14 Hz lies close to the theoretical Ag-SiO 2 surface plasmon frequency for a surface plasmon that has a wavevector k SP,x =2 / L x which occurs at f = 4.44ϫ 10 14 Hz based on the dielectric functions used. Consequently, this resonance is attributed to the constructive interference of surface plasmons excited along the x-direction by the nanoparticles. The full width at half maximum of this resonance is found to be 2.0ϫ 10 12 Hz. This sharp resonance will be referred to as the film resonance in this work. The broader resonance at 3.7ϫ 10 14 Hz lies close to the analytically calculated nanoparticle resonance frequency of 3.81ϫ 10 14 Hz for an isolated silver particle with an AR of 3.5 embedded in SiO 2 . This resonance will be referred to as the particle resonance in this work. Note that since the signal shown in transform of the excitation signal, field amplitudes larger than 1 are indicative of local field enhancement.
To study the influence of the particle resonance frequency on the surface plasmon excitation, the calculation shown in Fig. 5 was repeated for aspect ratios in the range of 2-4 ͑in steps of 0.1͒ corresponding to single particle resonance frequencies in the range of ͑5.13-3.51͒ ϫ 10 14 Hz, as obtained by a separate set of FIT simulations. The resulting E z magnitude at location 1 ͑predominantly surface plasmon related͒ as a function of frequency and particle aspect ratio is shown in Fig. 6͑a͒ , with color representing field amplitude as indicated by the scale bar. The location of the silver-SiO 2 film resonance at 4.35ϫ 10 14 Hz is indicated by the vertical dotted line. As the aspect ratio of the particle is increased from 2 to 4, the resonance frequency associated with the nanoparticle ͑broad feature͒ is seen to decrease from 5.2 ϫ 10 14 to 3.6ϫ 10 14 Hz. This is in correspondence with the expected response of an ellipsoidal particle excited with the electric field oriented along its long axis. For comparison, the dashed white line in Figs. 6͑a͒ and 6͑b͒ indicates the resonance frequency of an isolated Ag particle in SiO 2 calculated independently using FIT simulations. The observed full width at half maximum ͑FWHM͒ of the particle resonance is found to be 3.0ϫ 10 13 Hz, which is close to experimentally observed damping of approximately 6 ϫ 10 13 Hz for similarly sized silver nanoparticles. 34 As the particle resonance frequency approaches the film resonance at ARϷ 2.9, a shift in the film resonance frequency as well as in the particle resonance frequency is observed. This shifting of resonances and the resulting anticrossing is typical of strongly coupled resonant systems. Note that as a result of this strong coupling the maximum field amplitude is not achieved when nanoparticle resonance and film resonance are identical. A final point of interest is the appearance of a field amplitude minimum ͑labeled M͒ at a frequency of 4.61ϫ 10 14 Hz for all aspect ratios. Figure 6͑b͒ shows the corresponding E x field amplitudes obtained at location 0. The field at this location contains several field contributions: a contribution from the incident x-polarized wave, a contribution from the dipolar near-fields around the particle, a contribution due to the finite surface plasmon amplitude at the film surface, and fields due to any induced image charges. Similar trends are observed as in Fig. 6͑a͒ , including a clear signature of the particle and film resonances and evidence for anticrossing. However, notable differences are observed. For example, contrary to observations in Fig. 6͑a͒ , an area of reduced field amplitude is seen at high AR values ͑dark area labeled D͒. In addition, the sharp minimum observed in Fig. 6͑a͒ is not observed in the E x amplitude on the high frequency side of the film resonance. These differences will be discussed in greater detail in the Discussion. Figure 6 shows that a particle AR of 2.9 leads to strong coupling and the appearance of two eigenmodes at different frequencies. In this strong coupling regime, the nanoparticle oscillation and the surface plasmon mode can no longer be considered independent resonances. Instead, two distinct eigenmodes exist. The nature of the eigenmodes is shown in Fig. 7 , which shows the spatial distribution E x at a fixed phase at y = 0 for AR= 2.9 at frequencies of ͑a͒ 4.23 ϫ 10 14 Hz and ͑b͒ 4.38ϫ 10 14 Hz, respectively, corresponding to the two frequencies of maximum amplitude at this aspect ratio. The charge distribution associated with these field distributions is indicated schematically by the ϩ and Ϫ signs. For the low energy mode at 4.23ϫ 10 14 Hz shown in Fig. 7͑a͒ , the charge displacements at the nanoparticle location and at the film surface are seen to be antiparallel, corresponding to an out-of-phase oscillation of the charges in the particle and the film. For the high frequency mode shown in Fig. 7͑b͒ , the charge distribution of the nanoparticle and the surface plasmon are seen to be parallel, corresponding to in-phase oscillation of the charges. The observation of anticrossing, the appearance of field minima at distinct frequencies, and the nature of the observed eigenmodes can be understood in terms of a coupled oscillator model as described below.
IV. COUPLED OSCILLATOR MODEL
In order to gain insight into the origin of the features observed in Figs. 6͑a͒ and 6͑b͒, we developed a coupled oscillator model of the nanoparticle enhanced coupler. In this model, the nanoparticle is modeled as a driven Lorentz os- FIG. 6 . ͑Color online͒ Electric field magnitude ͑a͒ ͉E z ͑f͉͒ at location 1, and ͑b͒ ͉E x ͑f͉͒ at location 0, as obtained from the simulations, for particle aspect ratios in the range of 2-4. The probe locations are schematically indicated.
cillator with a resonance frequency f p that is determined by the nanoparticle aspect ratio. The time dependent field amplitude at the particle center is given by E p ͑t͒. The surface plasmon related film resonance associated with the surface plasmon present at the Ag-SiO 2 interface occurs at a well defined frequency due to the periodic nature of the system, and is modeled as a Lorentz oscillator with a fixed resonant frequency f f . The time dependent field amplitude at location 0 is given by E f ͑t͒. The nanoparticle oscillator is driven by the incident radiation with corresponding electric field contribution E in ͑t͒, as well as by any E x contribution due to surface plasmons on the metal surface. Electric fields due to image charges are not considered in this calculation since, near the resonances of interest, we expect the resonantly excited fields to exceed the magnitude non-resonant of image charge related fields. The resulting time dependent x-component of the electric field related to the polarization of the nanoparticle E p ͑t͒ is given by
where ⌫ p is the effective damping constant of the particle resonance including radiative damping, p represents the resonance frequency of the nanoparticle in rad/s, the parameter A is a proportionality factor that depends on the particle resonance, and C fp is a coupling constant ranging from 0 to 1 relating the surface plasmon field strength at the film surface to the field strength at the particle location. The magnitude of the parameter A can be estimated by realizing that at low frequencies, and neglecting any film contribution, the total field in the conductive nanoparticle tends to zero or E p Ϸ −E in . In this low frequency limit the contributions of the differential terms in Eq. ͑1͒ become negligible, resulting in the relation p 2 E p Ϸ −A ϫ E in . Substituting E p Ϸ −E in we find A Ϸ p 2 . For the resonance frequencies considered here this leads to values for A that are of the order of 10 31 s −2 . The electric field associated with the surface plasmon mode at the metal film surface E f ͑t͒ ͑location 0͒ is driven exclusively by the E x component of the field caused by the nanoparticle, and not directly by the incident radiation, due to the large momentum mismatch of the incident light with the surface plasmon waves. The resulting lateral surface plasmon field amplitude at location 0 is described by the following equation:
where ⌫ f is the effective damping constant of the surface plasmon mode in the film, f represents the film resonance frequency in rad/s, C pf again a scaling factor ranging from 0 to 1, here linking the nanoparticle field strength to the resulting surface plasmon driving strength. As was done for parameter A, the approximate magnitude of the constant B can be estimated by considering the low frequency limit. In this limit, we expect that fields at the film surface caused by the particle are approximately cancelled by the film response or Under harmonic excitation with E in ͑t͒ = E in ͑͒e −it it follows that E p ͑t͒ and E f ͑t͒ are of the form E m ͑t͒ = E m ͑͒e −it with m either p or f for particle or film, respectively. Substituting these into Eqs. ͑1͒ and ͑2͒ and solving algebraically to obtain the film and particle field yields
and
where D m ͑͒ = m 2 − 2 − i⌫ m , with again m either p or f for particle or film, respectively.
To calculate the total field at the positions 0 and 1, we add the relevant contributions of E in ͑͒, E p ͑͒, and E f ͑͒ with appropriate signs and scaling factors. To find the relative sign of these contributions we consider the low frequency limit. Figure 8 shows the relative field direction under low frequency excitation and the corresponding charge distribution in the system. At location 0, the lateral components of E p ͑͒ and E f ͑͒ are opposite, which is accounted for in Eqs. ͑1͒ and ͑2͒ by the negative sign associated with the parameters A and B. Therefore, the total lateral field at FIG. 7 . E x ͑x , z͒ eigenmodes at y = 0 at frequencies ͑a͒ 4.23ϫ 10 14 Hz and ͑b͒ 4.38ϫ 10 14 Hz at a particle aspect ratio of 2.9. The location of the corresponding charge distribution is indicated schematically. location 0 becomes E sum,0 ͑͒ = p 0 E in ͑͒ + q 0 E p ͑͒ + r 0 E f ͑͒, where p 0 , q 0 , and r 0 are all positive scaling factors of order 1 that relate the magnitudes of E in ͑͒, E p ͑͒, and E f ͑͒ to their actual contribution at location 0. In contrast, Fig. 8 shows that for the same low frequency field distribution the z-component of the surface plasmon related field at position 1 lies along the direction of the z-component of the particle related field. Thus, at location 1, the total normal field is described by E sum,1 ͑͒ = p 1 E in ͑͒ + q 1 E p ͑͒ − r 1 E f ͑͒, where p 1 , q 1 , and r 1 are again positive scaling factors of order 1 that relate the magnitudes of E in ͑͒, E p ͑͒, and E f ͑͒ to their actual contribution at location 1. The values of the field scaling constants used are summarized in Table I . The coupling constants were held fixed at C pf = C fp = 0.15, and the damping constants ⌫ p and ⌫ f were set to 1.7ϫ 10 13 and 9 ϫ 10 11 Hz, respectively, to match the FWHM as found in the FIT simulations at AR= 3. 5 . Figures 9͑a͒ and 9͑b͒ shows the calculated field magnitude using the coupled oscillator model using A = 0.007 p 2 , B = 0.011 f 2 , and f f = 4.35ϫ 10 14 Hz. The location of f f is indicated in Figs. 9͑a͒ and 9͑b͒ by the vertical dotted line. The particle resonance frequency was assumed to be identical to that calculated previously for an isolated Ag particle in SiO 2 as marked by the dashed line in Figs. 9͑a͒ and 9͑b͒ . Several features that were observed in the full-field simulation results are reproduced by the calculations based on the coupled oscillator model. With the above parameters, the anticrossing between the particle resonance and the film resonance observed in Figs. 6͑a͒ and 6͑b͒ is reproduced in Figs. 9͑a͒ and  9͑b͒ . Additionally, the minimum labeled M in Fig. 6͑a͒ is reproduced using the coupled oscillator model ͓labeled MЈ in Fig. 9͑a͔͒ . The following section discusses the various features observed in Figs. 6͑a͒, 6͑b͒, 9͑a͒, and 9͑b͒.
V. DISCUSSION
The coupled oscillator model was shown to reproduce several of the features that were observed in the numerical simulations. This allows us to gain insight into the physical origin of these features. In the following we discuss the origin of the anticrossing, the nature of the sharp minimum in the electric field amplitude above the film resonance frequency, and the origin of the reduced lateral field amplitude at frequencies between the particle and film resonances.
We first consider the observed anticrossing. To understand the nature of the eigenmodes that appear at the aspect ratio where anticrossing is observed, we compare the field amplitudes E f ͑͒ and E p ͑͒ at an aspect ratio of AR= 2.9. As seen in Fig. 9͑a͒ , this aspect ratio leads to low frequency and high frequency peaks of total field amplitude at f L = 4.24 ϫ 10 14 Hz and f H = 4.46ϫ 10 14 Hz, respectively. From Eqs. ͑3͒ and ͑4͒, we can now calculate the relative amplitude of the particle field and the film field. In the low frequency case a particle field amplitude of E p ͑͒ = + 3.21 V / m and a film . ͑Color online͒ Electric field magnitude ͑a͒ ͉E z ͑f͉͒ at location 1, and ͑b͒ ͉E x ͑f͉͒ at location 0, as calculated using the coupled oscillator model, for particle aspect ratios in the range of 2-4.
field amplitude of E f ͑͒ = −4.32 V / m are obtained, indicating antiparallel alignment of the fields. Conversely, in the high frequency case a particle field amplitude of E p ͑͒ = + 3.09 V / m and a film field amplitude of E f ͑͒ = + 3.79 V / m are obtained, indicating parallel alignment of the fields. These antiparallel and parallel field orientations correspond to antiparallel and parallel charge displacements in the particle and film, which agrees well with the eigenmodes obtained using the full field simulations, as shown in Fig. 7 . The observed minimum in E z ͓labeled M in Fig. 6͑a͔͒ can be understood in terms of the magnitude and phase of the particle and surface plasmon field contributions. Since the nanoparticle provides the only driving force of surface plasmons on the metal film, outside the strong coupling regime the phase of the surface plasmon fields at the film surface approximately follows the behavior of a simple damped driven harmonic oscillator. As a result, the surface plasmon response at the film surface experiences a phase lag relative to the phase of the particle field that varies from ϳ90°under excitation near f f to ϳ180°when the film is excited well above its resonance frequency. Thus, at frequencies above f f a condition exists in which the E z contribution at location 1 by the film is similar in magnitude and opposite in sign to that introduced by the nanoparticle. This results in the observed minimum of the total E sum,1 ͑͒ field at 4.55 ϫ 10 14 Hz. Since the nanoparticle drives the charge oscillation in the film, the magnitude of the surface plasmon related field at any frequency is directly proportional to the particle field magnitude at that frequency. Thus the frequency at which cancellation occurs is independent of the specific nanoparticle resonance frequency, as observed near the frequency marked by M and MЈ in Figs. 6͑a͒ and 9͑a͒ .
The region of low field magnitude for frequencies labeled D in Fig. 6͑b͒ is also reproduced by the coupled oscillator model and is labeled DЈ in Fig. 9͑b͒ . This minimum can be understood in terms of the phase and amplitude of the particle field, the excitation signal, and the surface plasmon field. At frequencies above the particle resonance, the lateral field contribution associated with the particle response is finite and approximately in phase with the incident field. If these frequencies lie below the resonance frequency of the film, a small surface plasmon amplitude is excited in the film that opposes the particle field. This film response therefore partially cancels the particle field and the incident field near the surface, resulting in the low field amplitude observed in the region labeled D. Note that in the FIT simulations the film response can include contributions from image charges, while in the coupled oscillator model the film response is limited to surface plasmon contributions to the field.
A final observation reproduced by the coupled oscillator model is the appearance of reduced surface plasmon amplitude when the single particle resonance frequency and the film resonance frequency are approximately equal, which leads to the observed anticrossing. This can now be understood in terms of the relative damping of the surface plasmon oscillations on the film and on the nanoparticle. Due to the fact that the damping constant for the dipolar particle resonance is a factor ϳ20 larger than that of the surface plasmons on the Ag film, the largest surface plasmon field amplitude is achieved at relatively small field amplitudes in the particle. In this particular geometry, this occurs at frequencies well away from the particle resonance.
The observations made above have implications for the use of resonant nanoparticles for surface plasmon excitation in finite size arrays. The effective damping of surface plasmons on the silver film can be expected to increase for smaller array sizes as a result of surface plasmons propagating away from the array. Based on the previous analysis we expect that for smaller arrays the optimum surface plasmon amplitude will be reached using a small number of strongly coupled scatterers, while for large arrays the highest surface plasmon field strength will be observed using weakly coupled low-loss scatterers. Future work will involve an investigation of the dependence of surface plasmon excitation efficiency on array size, particle size, as well as particlesurface separation.
Finally, it should be noted that although the coupled oscillator model presented here reproduces many of the features observed in the full-field simulations, it does not take the place of ab initio calculations. The strength of the fullfield calculations lies in the fact that coupling constants and effective damping constants do not need to be determined independently. The coupled oscillator model on the other hand provides a physical interpretation of the observed features and additionally enables the rapid evaluation of the surface plasmon excitation efficiency for a wide range of geometries by tuning the various model parameters.
VI. CONCLUSIONS
Numerical simulations of a nanoparticle-enhanced plasmon excitation structure consisting of ellipsoidal Ag nanoparticles in close proximity to a Ag-SiO 2 interface were presented. It was shown that varying the nanoparticle geometry enables control over the frequency dependent surface plasmon excitation efficiency. Strong coupling between the particle resonance and the film resonance associated with surface plasmons on the silver film was observed as evidenced by anticrossing of the particle and film resonances. It was observed that for the infinitely extended structures simulated here the maximum field amplitude is not achieved when the particle resonance frequency and film resonance frequency are matched. These observations were reproduced using a coupled oscillator model and explained in terms of a balance between nanoparticle induced damping and intrinsic surface plasmon damping at the Ag-SiO 2 interface. Based on our observations, the optimum geometry for coupling is expected to depend on intrinsic and geometry related damping mechanisms.
